Abstract An analysis has been carried out to study the effects of radiation absorption and firstorder chemical reaction on unsteady mixed convective flow of a viscous incompressible electrically conducting fluid through a porous medium of variable permeability between two long vertical non conducting wavy channels in the presence of heat generation. The unsteadiness in the flow is due to traveling thermal wave imposed on the walls. The governing equations are solved subject to the relevant boundary conditions with the assumption that the solution consists of a mean part and a perturbed part. The zeroth-order, the first order and the total solution of the problem are numerically evaluated and displayed graphically for pertinent parameters. This model finds applications in studying fixed-bed catalytic reactors and packed bed heat exchangers.
Introduction
There are many physical situations in which the surface of the solid boundaries are wavy in nature. For example, the surface formed by cleavage of mica contains irregularities of the order of 20 A in sizes, and the irregularities of the surface of an ideally smooth quartz crystal can be up to 100 A in heights. The flow problem over irregular or wavy wall (s) received much attention in recent years because of its various applications in nature and in engineering devices such as heat exchangers, nuclear reactor as well as in physical problems such as transpiration cooling of re-entry http://ppr.buaa.edu.cn/ www.sciencedirect.com vehicles and rocket boosters, cross-hatching on ablative surfaces and film vaporization in combustion chambers. Extensive work is available for the flow of a Newtonian/ non-Newtonian fluid over irregular or wavy walls [1] [2] [3] [4] for different wall temperature conditions. Devika et al. [5] studied the influence of chemical reaction effects on magnetohydrodynamic (MHD) free convection flow in an irregular channel with porous medium. Peristaltic flow and heat transfer of a conducting fluid in an asymmetric/ inclined asymmetric channel were investigated by Refs. [6, 7] .
In many investigations, while investigating either velocity and temperature distribution or stability characteristics of the flow, usually the permeability and porosity are taken as constants. It has been observed that, in some industrial applications, such as fixed-bed catalytic reactors, packed bed heat exchangers and dying, the value of the porosity is maximum at the wall and minimum away from the wall, so the porosity of the porous medium should be taken as nonuniform. However, the experimental investigations of Schwartz and Smith [8] and Schertz and Bischoff [9] have shown that the velocity profiles exhibit channeling of velocity near the walls. This hydrodynamic channeling is attributed to the variation of porosity of the medium confined between two boundaries. Further, the measurements of porosity distribution by Beneati and Brosilow [10] in randomly packed beds established a graphical relationship between spatial dependence of porosity and radial position of the container from which we find that the porosity has a maximum value at the wall and minimum value at the centre of the bed. Thus, it can be concluded that the porosity and inturn permeability are not constant in a given medium. However, there is no exact mathematical relationship between the porosity variation and the distance from the wall. Chandraseckhara and Namboodiri [11] incorporate the variable permeability concept. They indicated considerable effect on the flow velocity and temperature distributions. Harish and Satya Narayana [12] studied the influence of variable permeability on the heat and mass transfer of MHD micropolar flow over a vertical moving porous plate. Satya Narayana and Sravanthi [13] analyzed the influence of variable permeability on unsteady MHD convection flow past a semi-infinite inclined plate with thermal radiation and chemical reaction. Bal Govind Srivastava and Satya Deo [14] have analyzed the effect of transverse magnetic field in a channel of an incompressible, electrically conducting viscous fluid through a porous medium of variable permeability. Dulal Pal [15] studied the influence of variable porosity on MHD non-Darcy mixed convective heat transfer over a heated vertical plate.
From the technological point of view, flow arising from temperature and material difference is applied in chemical engineering, geothermal reservoirs, aeronautics and astrophysics. In some applications magnetic forces are present and at other times the flow is further complicated by the presence of radiation absorption, a good example of this is in the planetary atmosphere where there is radiation absorption from nearby stars. The influence of a magnetic field on the flow of an electrically conducting viscous fluid with mass transfer and radiation absorption is also useful in planetary atmosphere research [16] . Recently, Satya Narayana et al. [17] investigated the Hall current and radiation absorption effects on MHD micropolar fluid in a rotating system. More recently, Venkateswarlu and Satyanarayana [18] have discussed the chemical reaction and radiation absorption effects on the flow and heat transfer of a nanofluid in a rotating system.
Vajravelu and Debnath [19] have made a detailed study of non linear convection heat transfer and fluid flows, induced by traveling thermal waves. The traveling thermal wave problem was investigated both analytically and experimentally by Whitehead [20] by postulating series expansion in the square of the aspect ratio (assumed small) for both the temperature and flow fields. Krishna et al. [21] analyzed the hydromagnetic convection flow through a porous medium in axially varying pipe. The thermal buoyancy in the flow field is created by a traveling thermal wave imposed on the boundaries. Vajravelu [22] studied the MHD free and forced convection flows in vertical wavy channel with travelling thermal waves. Recently, Muthuraj and Srinivas [23] have investigated the effect of porous medium and traveling thermal waves on mixed convective heat and mass transfer in a vertical wavy channel. The study of steady/ unsteady MHD flow of heat and mass transfer in a viscous fluid through the vertical wavy porous space with traveling thermal waves over various flow fields under different aspects was studied by Refs. [24] [25] [26] [27] . More recently, Bhaskar reddy et al. [28] analyzed the flow of a Jeffrey fluid between torsionally oscillating disks. In view of the above discussions, the authors envisage to explore the effect of variable permeability on MHD mixed convective heat and mass transfer in a vertical wavy channel with traveling thermal waves in presence of chemical reaction and radiation absorption. The problem addressed here is a fundamental one that arises in many fixed-bed catalytic reactors and packed bed heat exchangers. Using long wave length approximation, the governing equations are solved by the perturbation technique for hydromagnetic case. The closed form solutions for velocity, temperature, skin friction, concentration, Nusselt number as well as Sherwood number are presented. The effects of pertinent parameters on flow and heat transfer characteristics are studied in detail. We depict the mathematical model and argue the non dimensionalization of the governing equations in Section 2 and Section 4 contains results and discussions. Finally, Section 5 highlights the important conclusions derived from the present study.
Solution of the problem
We consider the two dimensional unsteady combined convective heat and mass transfer flow of a viscous incompressible, electrically conducting and heat absorbing fluid through a porous medium of variable permeability between long vertical wavy walls with traveling thermal waves. Let X-axis be in the vertical upward direction and Yaxis be perpendicular to it. The walls are parallel to the direction of buoyancy and the wall surfaces are represented by y ¼ dþa cos λx and y ¼ Àdþa cos λx þ θ ð Þ. A uniform magnetic field is applied normal to the axial direction. The thermal buoyancy in the flow field is created by a travelling thermal wave imposed on the boundary walls. The Boussinesq approximation is used so that the density variations will be considered only in the buoyancy force. The viscous dissipation is neglected in comparison to the transport of heat by conduction and convection. Assuming that the flow takes place at low concentration we neglect Soret and Doufer effects. The governing equations for this investigation can be written as
where u and v denote the velocity components in x-and ydirections respectively; T and C are the fluid temperature and concentration respectively; ρ is the fluid density; μ is the dynamic viscosity; κ is the thermal conductivity; C p is the specific heat at constant pressure; g is the acceleration due to gravity; K 0 is the permeability of the porous medium which is considered to be of the form [12] [13] [14] [15] ); K n is the mean permeability of the porous medium, ε o o1 the amplitude of permeability variation. The second and third terms on the RHS of Energy Eq. (4) represents the heat source and radiation absorption effects respectively.
The boundary conditions for velocity, temperature and concentration fields are defined as
where,
Introducing the following non dimensional quantities
In view of the above non-dimensional variables, the basic field Eqs. (1)- (5) can be expressed in the non-dimensional form as
The corresponding boundary conditions are
Introducing the stream function ψ defined as u ¼ À ∂ψ ∂y and v ¼ ∂ψ ∂x into the Eqs. (9)- (12), we get
In order to solve Eqs. (14)- (16) we assume that the solution consists of a mean part and a perturbed part so that the stream function, temperature and concentration distributions are (14) to (16) and equating the coefficient of like powers we get Zeroth order equations:
Where primes denote the differentiation with respect to y. First order equations:
For small values of λ, we can expand ψ 1 ; T 1 and ϕ 1 in terms of λ so that
On substituting Eq. (26) into the Eqs. (23)- (25), and equating the coefficients of like powers of λ, we get Zeroth order equations:
First order equations
Zeroth-order solution
The solution of Eqs. (19)- (21) subject to the boundary conditions Eq. (22) are
First-order solution
The solutions of Eqs. (23)- (25) 
We can evaluate the main flow velocity and the cross velocity by using stream function definition. The shear stress at any point in the fluid is given by
In non-dimensionless form
At the wavy walls y ¼ 1 þ ε cos λx and y ¼ À1 þ ε cos λx þ θ ð Þthe skin friction τ xy becomes
The heat transfer coefficient, characterized by Nusselt number Nuon the tube boundary is
In non-dimensional form, the Nusselt number is, h ¼ ÀK 1
At the wavy walls y ¼ 1 þ ε cos λx and y ¼ À1 þ ε cos λx þ θ ð Þthe Nusselt number becomes
The dimensionless mass transfer number corresponding to the Sherwood number, written as, Sh ¼ ∂ϕ ∂y
At the wavy walls y ¼ 1 þ ε cos λx and y ¼ À1 þ ε cos λx þ θ ð Þthe Sherwood number becomes
2 sinh 2β 1 ,
2 sinh 2β 2 ,
The other constants are not given here to save space.
Results and discussions
The objective of the present analysis is to study the effects of radiation absorption and variable permeability on MHD mixed convection flow of heat and mass transfer in a vertical wavy channel with travelling thermal waves. The governing Effects of variable permeability and radiation absorption on magnetohydrodynamic (MHD) mixed convectiveequations are solved using perturbation technique subject to the relevant boundary conditions with the assumption that the solution consists of a mean part and a perturbed part. We have obtained the zeroth order solutions ψ 0 , T 0 , ϕ 0 and perturbed solutions ψ 1 , T 1 , ϕ 1 . The results are computed for variety of physical parameters which are presented by means of Figures 1 to 6 . In these calculations we consider ε ¼ 0:02, λ ¼ 0:3, n ¼ 10, and t ¼ 0:1 while other parameters are varied over a range which are listed in figure captions.
Zeroth order solutions are naturally applicable to the case of a channel whose walls are flat and of constant temperature. The non-dimensional zeroth-order velocity U 0 is presented in Figure 1(a) . This figure clearly indicates that the value of velocity profile increases with increasing the porous permeability parameter K. Physically; this means that the porous medium impact on the boundary layer growth is significant due to the increase in the thickness of the thermal boundary layer. It is expected that, an increase in the permeability of the porous medium leads to the rise in the flow of fluid through it. When the holes of the porous medium become large, the resistance of the medium may be neglected.
The effect of the transverse magnetic field parameter on velocity profile U 0 is shown in Figure 1(b) . It is obvious that the velocity field decreases with the increase of magnetic field parameter M along the surfaces. These effects are much stronger near the surface of the walls. This indicates that the fluid velocity is reduced by increasing the magnetic field and confirms the fact that the application of a magnetic field to an electrically conducting fluid produces a dragline force which causes a reduction in the fluid velocity. In Figure 1 (c), we have plotted the velocity U 0 for different values of the chemical reaction parameter. It is observed that U 0 decreases with the increase of Kr. Figure 1(d) displays the effect of Q l on U 0 It is clear from the graph that the velocity increases with an increase of Q l which is due to the fact that when heat is absorbed the buoyancy force which accelerated the flow. Figures 2(a) , 2(b), 2(c) and 2(d) display the temperature profile T for different values of α; Kr; Sc and Q l respectively. It is observed that T increases with an increase in α or Kr or Sc. The effect of Q l on T is quite opposite to that of α which is observed in Figure 2(d) .
The effect of the reaction rate parameter Kr on the species concentration profiles for generative chemical reaction is shown in Figure 3(a) . It is clearly observed form this figure that the concentration of species which are 1 at the start of the boundary layer decreases slowly till it attains the minimum value zero at the end of the boundary layer and this trend is seen for all the values of reaction rate parameter. Further, it is observed that increasing the value of the chemical reaction decreases the concentration of species in the boundary layer, this is due to the fact that destructive chemical reduces the solutal boundary layer thickness and increases the mass transfer. Similar facts are seen in the case when Schmidt number is increased as noted in Figure 3(b) . Physically, the increase of Sc means decreases of molecular diffusion D. Hence, the concentration of the spices is higher for smaller values of Sc and lower for larger values of Sc. Figure 4 (a) depicts the behavior of the cross velocity distribution v ð Þ for different values of α for both the cases of UP (uniform permeability, B ¼ 0) and VP (variable permeability, B ¼ 0.2). It is seen from this figure that increase in the value of α is to decrease the velocity distribution for both the cases considered which is very significant for higher value of α in the boundary layer. The velocity profile is found to be less for VP as compared to UP for a particular value of α. Physically speaking the presence of heat source/sink effects has the tendency to reduce the fluid velocity due to thermal buoyancy effects. The same effect can be noticed in Figures 4(b [22] , Guria [24] with different values of M for C f for α ¼ 0:5, Sc ¼ 0.01, D a ¼ 0:5, t ¼0.5, ε ¼ 0:2, Pr ¼0.73, Gr ¼ 15.0, Q l ¼ 0:5, θ ¼ 0, λx ¼ π=2, ωt ¼ π=4. Figure 6 (a), we see that the amplitude decreases with increase in chemical reaction parameter Kr at the wall y ¼ À1. Similarly in Figure 6 (b) at the wall y ¼ 1; it increases with increase in Kr.
In order to verify the correctness of the present work, we have compared the skin-friction coefficient with those of Vajravelu [22] and Guria [24] for different values of the magnetic parameter M in Table 1 . It is clearly seen that there is an agreement between the respective results of our study (under some limiting conditions) and those of Vajravelu [22] , Guria [24] . This has established confidence in the analytical results reported in this article.
Conclusions
The above analysis brings out the following results of physical interest on the velocity, temperature and concentration distribution of the flow field.
The effects of porosity parameter K, is enhancing the velocity of the flow field at all points.
The effects of heat source parameter is retarding the cross velocity of the flow field for both the cases of UP (uniform permeability, B ¼ 0) and VP (variable permeability, B ¼ 0.2).
The magnetic parameter M retards the velocity of the glow field at all points due to the magnetic pull of the Lorentz force acting on the flow field.
The concentration distribution of the flow field decreases at all points as the Schmidt number Sc increases. This means the heavier diffusing species have a greater retarding effect on the concentration distribution of the flow field.
The results obtained in this work are more generalized form of Refs. [22, 23] analytical results and can be taken as a limiting case by taking. Kr-0; Sc-0; Q l -0; M-0; B-0.
It is hoped that the findings of this investigation may be useful for applications in studying fixed-bed catalytic reactors and packed bed heat exchangers, but also serve as a complement to the previous studies.
